Using a photon scanning tunneling microscope ͑operating alternatively at the wavelengths of 594 and 633 nm͒ with shear-force feedback we image the topography of silver colloid fractals simultaneously with a near-field intensity distribution. We observe that near-field optical images exhibit spatially localized ͑within 150-250 nm͒ intensity enhancement by one to two orders of magnitude. These bright light spots are found to be sensitive to the light wavelength, polarization, and angle of incidence. We relate the observed phenomenon to the localization of resonant dipolar excitations in random nanostructured aggregates.
I. INTRODUCTION
Scattering of light by nanostructured surfaces results in a number of fascinating phenomena, among which one of the most interesting is the subwavelength light confinement. It is well known that electromagnetic fields are strongly enhanced ͑and, therefore, confined͒ near sharp corners and small scatterers, etc. 1 Light confinement effects caused by subwavelength-sized surface defects have been studied theoretically 2, 3 and observed with a near-field optical microscope. 4 Specific surface structures ͑near-field holo-grams͒ can be used to further increase the effect of light confinement. 5 In general, these phenomena are associated with the regime of the single scattering of light. In other words, an optical excitation near a certain subwavelength geometrical structure is independent of the surrounding large-scale geometry. Consequently, the optical enhancement is strongly influenced by the polarization of incident light and the local surface topography but is practically insensitive to the light wavelength and angle of incidence.
Scattering of light by rough nanostructured films and surfaces which are, typically, fractal is essentially different from the above phenomena. [6] [7] [8] Resonant dipolar excitations in fractal structures also can be localized in subwavelengthsized regions but, being the result of multiple scattering, exhibit strong frequency and polarization dependence of their spatial location. 9, 10 This also means that the spatial location of light-induced dipole excitations is determined not only by the local topography, but also by the large-scale geometrical structure. Note that these features of light localization in fractals are similar to those observed for localization of surface plasmon polaritons ͑SPP's͒, 11, 12 which is also an interference phenomenon related to multiple scattering of SPP's ͑in the surface plane͒ caused by the surface roughness. 13 The resonant optics of fractals has progressed immensely over the last decade, and many issues related to optical excitations in fractals have been theoretically clarified. [6] [7] [8] [9] [10] 14 It was established that dipolar eigenmodes which resonate at very close frequencies and, therefore, can be excited simultaneously by a monochromatic source ͑as long as they lie within a single resonance width͒ can have very different localization lengths, from the maximum size of a sample to the minimum roughness scale. 9, [15] [16] [17] [18] This phenomenon has been referred to as inhomogeneous localization. [15] [16] [17] However, in metal fractal nanocomposites the localization tends to increase, on average, when the wavelength changes from the plasmon resonance of an isolated metal spherule (ϳ400 nm) to the infrared, as was confirmed both theoretically 9,19-21 and experimentally. 22, 23 Apart from the fact that, despite the chaotic behavior, the average localization length of dipolar eigenmodes tends to decrease with the wavelength, it should be noted that even if an eigenmode is delocalized ͑its gyration radius is of the order of the sample size͒, it can consist of several relatively small regions of high intensity which are spatially separated and, experimentally, viewed as ''hot spots.'' Direct experimental evidence of the existence of localized dipolar excitations in fractal structures is still scarce. The use of near-field techniques is, probably, inevitable for direct imaging of these excitations, and interesting observations made with a photon scanning tunneling microscope ͑PSTM͒ have been reported for fractal metal colloid clusters 22 and selfaffine surfaces. 24 Optical modes of fractal aggregates were imaged in the constant-intensity mode ͑i.e., the detected optical signal was kept constant͒, and the observed spots were wavelength sized or even larger. 22 Therefore, optical enhancement and subwavelength dimensions of these bright spots could be deduced only indirectly, from elevations of the probe over the sample surface. In addition, it is well known that PSTM images obtained in the constant-intensity mode can be rather misleading because of the strong influence of scattered waves propagating away from the sample 25 and the nonmonotonic behavior of the total optical field. 26 Note that alternative approaches, i.e., scanning in the constant plane or the constant distance modes, if chosen, should be also used very carefully: the first method is hardly suitable for deep surface profiles, 26 and the second one can produce topographically induced artifacts. 27, 28 Finally, an uncoated fiber tip is a preferable choice for a PSTM probe, 4, 11, 12 as opposed to a metal-coated tapered fiber, 22 because it can be considered as a passive ͑nonperturbative͒ probe. 29 In this paper we report the results of the direct imaging of silver colloid aggregates deposited on a plane surface with a PSTM operating in the constant-distance mode for several different light wavelengths, polarizations, and angles of incidence. While the polarization and frequency sensitivity of dipolar excitations has been established with numerical simulations 14 and confirmed experimentally, 22 its dependence on the angle of light incidence has not been reported in the literature. The idea to study this dependence was impelled by the similarity between dipolar excitations and localization of SPP's: both are associated with multiple scattering. The angular dependence of bright spots formed by scattered SPP's has been demonstrated and qualitatively related to the size of the surface area, within which SPP scattering contributes to the formation of a particular bright spot. 30
II. SAMPLE PREPARATION
Aggregates of silver colloid particles were prepared originally in solution by the borhydride method. 31 Silver sol was generated by reducing silver nitrate with sodium borhydride. This reaction, given a proper concentration of reacting substances ͑see Ref. 31 for details͒, results in the appearance in the solution of many nearly spherical silver particles of approximately 7 nm in radius each. Initially, these particles are nonaggregated, and the extinction spectrum of this solution is peaked near the surface plasmon resonance of a spherical silver particle (Ϸ400 nm in water͒; the color of nonaggregated colloid is opaque yellow. Addition of an adsorbent ͑fumaric acid͒ to the solution promotes aggregation of the small silver spherules into large fractal clusters built of many thousands of monomers. The kinetic of this aggregation process and the geometry of the resulting clusters are well studied. 32, 33 It is known that the aggregation process is well described by the Meakin ͑cluster-cluster͒ aggregation model 34, 35 in three dimensions. The clusters that form in the solution under normal conditions are fractal with fractal dimension DϷ1. 8 .
After the process of aggregation was complete, the fractal aggregates were deposited onto a glass prism and the water was soaked out. The density of the aggregates in the solution was relatively low so that different clusters could be imaged individually. It should be noted that the process of the deposition of the samples on a surface and consequent evaporation of water results in a significant restructuring of clusters. Especially, the restructuring is important in the direction nor-mal to the prism surface due to the collapse that can be caused by capillary forces and projection to two dimensions from three. However, as shown below, there are several indications that samples obtained as a result of this procedure retain the fractal geometry. More specifically, they possess the geometrical properties of self-affine surfaces.
The self-affine structures differ from self-similar fractal objects: to reveal scale invariance they require two different scaling factors, one in the surface plane and the other in the normal direction. The fractal dimension D of a self-affine surface can be defined from the height-height correlation function
͑1͒
where h(r) is the height of the surface at the point r ϭ(x,y), both r and R are vectors in the plane of the surface, and 2рDр3.
Topographical images of our samples obtained with a commercial atomic-force microscope 36 are shown in Fig. 1 . Although in a smaller-resolution image ͓Fig. 1͑a͔͒ the holes and empty spaces characteristic for fractal structures are not resolved, comparison with the high-resolution image of a smaller area reveals the typical self-similar geometry. Note that the spatial resolution in Fig. 1͑b͒ is less than 20 nm and individual particles are resolved. Another image of our sample obtained by the scanning electron microscopy is shown in Fig. 2 . Again, the typical fractal geometry can be seen in this figure. Although the topographical images shown in Figs. 1 and 2 reveal a visual resemblance of our samples to fractal structures, they cannot be analyzed quantitatively. In particular, the height-height correlation function ͑1͒ and the fractal dimension D cannot be deduced from these images. To support the conjecture of the fractal geometry of our samples, we performed a numerical modeling of the aggregation and deposition processes. First, we have generated an ensemble of three-dimensional lattice cluster-cluster aggregates according to the Meakin algorithm; 34 the details of our specific algorithm are described in Ref. 37 ͑in that paper, the same ensemble of fractal clusters as here was used͒. The fractal dimension of the generated clusters was close to 1.8. Then the clusters were deposited onto a plain surface and allowed to undergo a vertical collapse: the monomers that had an empty space directly beneath them were allowed to fall down until they hit the surface plane or another monomer. As a result, there were no empty spaces underneath monomers. Naturally, this projection from three to two dimensions resulted in a drastic restructuring of the clusters. An image of a single cluster-cluster aggregate with Nϭ10 000 monomers deposited on a surface is shown in Fig. 3 . We calculated the height-height correlation function g(R) for the deposited samples. It turned out that g(R) has two characteristic correlation lengths. The first ͑short͒ length l 1 is, probably, associated with random noise; the second ͑large͒ length l 2 is the order of the overall sample size. When R changes from 0 to l 1 , the correlation function grows exponentially and saturates at some constant level c. For l 1 ϽRϽl 2 , the function ͓g(r)Ϫc͔ grows according to the power law ͑1͒, as illustrated in Fig. 4 . The scaling region extends from 30 to 400 lattice units and is well manifested. The corresponding fractal dimension of the samples, determined with the use of Eq. ͑1͒, is close to 2.6.
III. EXPERIMENT
The experimental setup used in this work consists of a stand-alone PSTM combined with a shear-force-based feedback system, and is described in detail elsewhere. 11, 12 The polarization of the illuminating light beam that can be directed from any of the two He-Ne lasers ( 1 ϭ633 nm, P 1 ϭ2 mW; 2 ϭ594 nm, P 2 ϭ0.5 mW) is controlled with a /4 plate and a linear polarizer. The p-or s-polarized light beam ͑the electric field is parallel or perpendicular to the incidence plane, respectively͒ at one of the two wavelengths is used to illuminate a sample ͑placed on the base of a prism͒ under an angle that exceeds the angle of total internal reflection and can be varied. The incident beam is slightly focused onto the sample surface ͑focal length Ϸ500 mm, spot size Ϸ400 m) in order to increase the detected optical signal while providing reasonably uniform illumination of the scanning area (4ϫ4 m 2 ). The near-field intensity distribution is probed with an etched fiber tip that ensures both efficient detection of the evanescent field components 11, 12 and relatively accurate imaging. 38 The near-field optical images exhibited a spatially localized ͑within 150-250 nm͒ intensity enhancement of up to 10 times compared to the average background for both wavelengths and polarizations and for various angles of incidence ͑Figs. 5-8͒. The average optical signal was ϳ50 and ϳ300 pW for the yellow and red laser beams, respectively, and rapidly decreased with the tip-surface distance. The lat- ter feature is inherent to the near-field imaging, and can, in principle, induce certain topographical artifacts in optical images obtained in the constant distance mode. 27, 28 We have carefully explored such a possibility by comparing optical images recorded in the constant-distance and the constantplane modes ͑Fig. 5͒. The only difference found between these images was related to the displacement of the fiber tip when getting out of contact with the sample surface ͓cf. Figs. 5͑b͒ and 5͑c͔͒. This means that the contrast observed in the near-field images is purely optical, i.e., not induced by topographical variations, 27, 28 a fact that can be explained by the rather strong and rapid variations of the near-field intensity in the surface plane. Once this fact is established, near-field imaging in the constant distance mode is preferable, since it allows one to achieve the best spatial resolution ͑which deteriorates with the increase of the tip-surface distance͒, and to keep track of the imaged area when successive images of the same area are being taken and, thereby, to account for the eventual drift of the sample with respect to the fiber tip.
Actually, the stability of our setup appeared to be rather high, a circumstance that enabled us to obtain the near-field optical images for two wavelengths and two polarizations at the same surface area ͑Figs. 6 and 7͒. For all configurations and differently structured surface areas ͓cf. Figs. 6͑a͒ and 7͑a͔͒, optical images exhibit a strong optical contrast with well-defined subwavelength-sized bright spots of round shape. The strong wavelength and polarization dependence of the spatial location of the bright spots is clearly seen in the obtained near-field images. These features are typical for interference phenomena in multiple scattering and consistent with the theoretical predictions of localized optical excitations in fractal structures. [6] [7] [8] [9] [10] It should be also kept in mind that, due to the finite resolution of the PSTM with an uncoated fiber tip, 39 localized optical excitations are expected to appear larger and less bright in the near-field images 38 than they are in fact. Consequently, extended optical features, e.g., those related to the light scattering by clusters as a whole, are likely to become visible and to obscure, to some Further, we investigated the dependence of the near-field optical images on the angle of beam incidence on the sample surface. Different surface areas have been scanned with the angle varying from 48°to 58°with a 2°step. For both wavelengths and both polarizations, the tendency was that the bright spots changed their contrast with ͑Fig. 8͒. However, contrary to what has been observed for localization of SPP's, 30 different bright spots showed different angular dependences. For example, the lowest spot in Fig. 8͑e͒ is absent in Fig. 8͑b͒ , and the left middle spot first decreased and then increased again its brightness with the increase of , whereas the right middle spot is hardly changed ͓Figs. 8͑b͒-8͑e͔͒. The angular variations in the intensity distributions of the first two spots are shown in Fig. 9 . We believe that the difference in the angular dependences observed for different bright spots is related to the difference in the coherent lengths of the appropriate dipolar eigenmodes.
IV. RESULTS AND DISCUSSION
The observed subwavelength localization of the electromagnetic field and its enhancement are anticipated experimental results. We have directly imaged localization areas ͑''bright spots''͒ of the size as small as 150 nm. It should be noted that the actual size of these bright spots might be even smaller because of the finite resolution of the PSTM. The observed spectral and polarization dependence of the spatial positions of these bright spots has also been expected. However, the dependence of the positions of the bright spots on the angle of incidence is, as far as we know, a new phenomenon and has not been observed or discussed theoretically in the literature. The origin of this effect is also not as clear as that of the spectral and polarization dependence. It is evident that changing the angle of incidence for the s-polarized light changes only the phase velocity of the evanescent wave in the plane of the surface but keeps both polarization and frequency of this wave constant.
To gain some understanding of this phenomenon we refer to the theory built in Refs. 9 and 14 which is based on a simple dipole approximation and perform some numerical calculations with the use of this approximation. Let us first briefly review the dipole approximation. We model an arbitrary cluster as a set of point dipoles ͑monomers͒ located in points r i (iϭ1,2, . . . ,N) that can interact with the incident ͑evanescent͒ field and with each other. Each dipole has a scalar polarizability ␣ which, in the first approximation, is given by the Lorenz-Lorentz formula ␣ϭR m 3 (⑀Ϫ1)/(⑀ ϩ2), where ⑀ is the dielectric constant of silver taken at the frequency of the laser beam, , and R m is a constant of the dimensionality of length. If we model a sample of the total volume V with N point dipoles, we can find R m from the conservation of volume: VϭN(4/3)R m 3 . Each monomer is characterized by a linear dipole moment d i which oscillates at the frequency . The dipole moments are coupled to each other and to the evanescent field by the coupled-dipole equation 40, 41 
where Ĝ (r i Ϫr j )‫ؠ‬d j is the dipole radiation field created by the jth dipole in point r i , including the near-, intermediate-, and far-zone terms ͑see, for example, Ref. 41͒ and E ev (r i ) is the incident ͑evanescent͒ field taken at the point r i . Ĝ (r) is the dyadic Green's function for the vector wave equation. 41 The system of linear equations ͑2͒ can be solved to find all the dipole moments. The electric field in an arbitrary point of observation R can be calculated according to
The experimentally measurable value, the local intensity I(R), can be calculated according to I(R)ϭ͉E(R)͉ 2 .
To investigate the influence of the incidence angle on the local intensity, I(R), it is useful to consider the eigenvector expansion of the solution to Eq. ͑2͒. As was shown in Ref. 9 , this expansion has the form
where x i (n) are the ͑possibly complex͒ components of the nth eigenvector of Eq. ͑2͒ and w n are the corresponding eigenvalues. The generalized resonance condition can be written as Re͓1/␣()Ϫw n ͔р␥ n where ␥ n is the width of the corresponding resonance. The nth resonance frequency can be found by solving the equation Re͓1/␣( n )Ϫw n ͔ϭ0 and the corresponding width, according to ␥ n ϭIm͓1/␣( n )Ϫw n ͔. The expansion for I(R) has the form The only term in Eqs. ͑4͒ and ͑5͒ that depends on the angle of incidence of the laser beam is E ev (r):
where is the angle of incidence ͑with respect to a perpendicular to the prism surface͒, the z axis is normal to the prism surface, and the x axis coincides with the longitudinal direction of the evanescent field propagation. The complete internal reflection condition is n sin Ͼ1. Evidently, a change of the incidence angle affects both the normal and the longitudinal components of the evanescent wave vector. However, in our experiments the vertical depth of samples (ϳ130 nm) was significantly smaller than the characteristic distance of the vertical decay of the evanescent field l z ͑for example, for ϭ633 nm and ϭ48°, l z Ϸ1200 nm). Therefore, both bottom and top layers of a cluster are excited by a field of almost constant intensity. 42 The diagonal terms in Eq. ͑5͒ (mϭn) represent the field patterns associated with single modes while the off-diagonal terms (m n) are due to intermode interference. It is evident that in the single-mode regime ͑when only one mode, say, nϭM , is in resonance and can be effectively excited͒ varying can result only in changing the overall brightness of the optical image but not in redistribution of the local intensity. Mathematically, it follows from the fact that the local field distribution becomes proportional to F M M (R) in this case, which does not depend on . However, if several modes can be excited simultaneously, the optical image is governed by several functions F mn (R), each with its own weight, which depends on . Therefore, varying can result in a redistribution of the local intensity ͑for example, by increasing the intensity due to a certain mode and decreasing the input of other modes͒. The experimentally observed angular dependence indicates that several dipole modes were excited simultaneously in our samples. It also carries certain information about the localization of the eigenmodes. Indeed, if the eigenmodes were homogeneous and delocalized over the whole sample ͑more precisely, if ͉x i (n) ͉ do not depend on i), the redistribution of the intensity between modes would not occur, as can be seen from the approximate evaluation of the coefficients in the numerator of Eq. ͑5͒. On the other hand, the modes that are localized in very small areas with characteristic sizes LӶ/2n cos are also not sensitive to . From the mathematical form of the coefficients in Eq. ͑5͒ and the phase dependence of E ev one can conclude that the modes that have several isolated zones of high local intensity separated by distances у/2n cos are most sensitive to the change of . In Figs. 8͑b͒-8͑e͒ one can see several such ''hot zones'' that belong to different dipolar eigenmodes, as well as the redistribution of the local intensity with varying . The characteristic distance between the bright spots in Fig. 8͑b͒ is approximately 500 nm, while /2n cos Ϸ100 nm.
We also performed a numerical modeling of the dependence of the local intensity distribution on the angle of incidence, . The process of aggregation and deposition of a cluster on the surface was modeled on a computer as described in Sec. II. Then we solved the coupled dipole equation ͑2͒ and calculated the local intensity I(R) according to Eq. ͑5͒ in the constant-distance mode. The vertical distance between the point of observation, R, and the highest point of the surface right beneath the point of observation was kept at a constant value hϭ100 nm, which is comparable to the typical optical aperture of experimental PSTM's. The wavelength of the incident radiation was taken to be equal to the red laser line ͑633 nm͒. The tip was supposed to be pointlike and nonperturbing in this calculation. The result is shown in Fig. 10 . The angular dependence similar to the one observed in the experiment is clearly visible in these images. The characteristic distance between the three bright spots that change their intensity with ͑one in the left upper corner, the other in the middle of the bottom part, and the third in the center of the right part of the image͒ is approximately 600 nm which is substantially larger than /2n cos . The maximum local intensity enhancement factor ͑calculated over ten different samples, only one of which is shown in Fig. 10͒ is Ϸ40 in this calculation. The contrast of optical images is more than 50%. It should be noted that the maximum enhancement factor, as well as the optical contrast, rapidly increases when h decreases ͑the corresponding numerical data are not shown͒.
It is rather cumbersome to relate the experimentally observed enhancement ͑of up to 10 times͒ in the near-field FIG. 10. Computer-generated optical image of a cluster taken in the constant-distance mode for s-polarized light with ϭ633 nm at different angles of the laser beam incidence. The size of the sample is 0.65ϫ1.17 m 2 ; the distance between the tip and surface is 100 nm. The topography of the cluster can be seen as a set of little black points. optical images to the calculated local intensity enhancement ͑in the absence of a fiber tip͒. The experimental value corresponds to the ratio between the maximum signal and the average background. If one defines the enhancement with respect to the incident evanescent field, then the background value should be taken at areas without clusters ͑as long as this can be judged from the topographical images͒. This would increase the observed enhancement up to 20 times. Next, it is important ͑but very difficult͒ to take into account the fact that the spatial resolution of the near-field microscope is limited. In general, one has to determine the transfer function of the fiber tip used ͑assuming that it can be considered as a passive probe 29 ͒, which is a challenging problem itself. 43 Taking into account that, for the spatial period of ϳ300 nm of the intensity interference pattern, the contrast correction factor is ϳ2, 43 one can deduce that the enhancement corresponding to the experimental images is at least 40 times. Alternatively, one can consider the imaging of bright spots with uncoated fiber tips that has been modeled theoretically. 38 In these calculations, there was found a good correspondence ͑in the shape and value of half-widths of distributions͒ between the field intensity distribution at 100 nm and the signal dependence measured at 5 nm distance. Comparing our calculations for hϭ100 nm and the experimental results one finds also similar values of enhancement and sizes of bright spots ͑cf. Figs. 8 and 10͒ . Overall, there is a qualitative and even quantitative ͑though not straightfor-ward͒ agreement between our experimental results and numerical simulations.
V. SUMMARY
In summary, we have presented the near-field optical images of optical excitations in silver colloid fractals for two wavelengths, s and p polarizations, and different angles of illuminating beam incidence. These images exhibited subwavelength-sized bright spots whose positions were found to be sensitive to the light wavelength, polarization, and angle of incidence. We have related the observations to the localization of resonant dipolar excitations in fractal aggregates. A feature of this phenomenon, viz., the angular dependence of the strength of localized optical excitations, has been discussed. Preliminary numerical simulations have been carried out and the intensity distribution calculated for different angles of incidence has been found to bear a close resemblance to the experimental near-field images. This feature should be definitely investigated further as it might be important for practical applications associated, for example, with persistent holes induced by laser radiation in the spectra of fractals. 23, 44 
